Abstract. Chapel Branch Creek (CBC), located within the Town of Santee adjacent to Lake Marion in Orangeburg County
Introduction
The main objective of this paper is to examine the ability of the Rational and SCS-CN methods of rainfall-runoff modeling for predicting storm event outflows in a mixed land use watershed. The Chapel Branch Creek (CBC) watershed drains an approximately 1200 acre land area in the South Carolina coastal plain. This study looks at the modeling and validation of the models in a ~583 ha sub-watershed (SL-7). Both models use the latest GIS-based spatial data including the 1:5000 scale NAIP land use imagery for characterizing the watershed. Implications of this work to the full watershed can be found in Mihalik, 2007. The Rational Method, a simple empirical formula used to estimate peak runoff rates for small watersheds, was developed by Mulvaney in the UK in 1851 and introduced to the US by Kuichling in 1889 (Burian, 1999) . It is the most widely used uncalibrated equation, relating peak discharge to drainage area, rainfall intensity, and a runoff coefficient (McCuen, 1998) . Despite some limitations including those related to drainage area size and runoff coefficients (see Mihalik, 2007) , the Rational Method is appreciated for its simplicity, and has been used in rainfall-runoff analyses for over 100 years. Wiles and Levine (2002) studied the effects of changes in land use on hydrology within the Swan Creek Watershed located in Lucas County, Ohio using highly detailed land use and hydrography mapping. Runoff modeling for this study was performed using a modification of the Rational Method, proposed by Rossmiller (1980) . The chosen runoff methodology for this study generally over-estimated the amount of water flowing to the outlet when compared to previous studies of the watershed. It was suggested that the over-estimation may have been due to inherent differences in the input parameters used in the models.
The SCS-CN method is an event-based model developed by the USDA Soil Conservation Service (SCS). A curve number (CN) is a land cover index for a given land and soil type to determine the amount of rainfall that infiltrates into the ground and the amount that becomes runoff for a specific storm event (USDA, 1986) . The SCS-CN method is the most common technique for estimating storm runoff volume (Zhan and Huang, 2004) . Many watershed models, including the USDA Agricultural Research Service (ARS) SWAT model (Arnold et al., 1998) , incorporate this method for determining runoff despite some of its limitations including: no explicit accounting for the effect of antecedent moisture conditions, difficulty in separating storm runoff from the total discharge hydrograph, and peak runoff rate is not obvious.
To convert runoff volume to peak runoff rate, the SCS Graphical Peak Discharge formula is used (USDA, 1986) . This method should only be used when the CN is greater than or equal to 50 and the time of concentration (the time it takes for surface runoff to travel from the hydraulically farthest portion of the watershed to the outlet) is between 0.1 and 10 hrs. Zhan and Huang (2004) describe the development and application of the ArcCN Runoff tool, an extension of ESRI ArcGIS software which can be applied to determine curve numbers and calculate runoff or infiltration for a storm event within a watershed. Zhan and Huang also suggest that the implementation of a precipitation time series and the consideration of factors such as dry and wet antecedent moisture conditions (for CN parameters) would improve the predictions of the ArcCN Runoff tool.
Methodology

Site Description
Chapel Branch Creek watershed is located within the upper coastal plain region of Orangeburg County, South Carolina, adjacent to Lake Marion and near the Town of Santee and Interstate highway I-95 (Figure 1 ). The CBC watershed drains a land area of ~1600 ha (4000 acres) at the SC-014 outlet located ~1.5-3 km upstream of Lake Marion in the northeast quadrant (USDA, 2007) . Topography of the watershed is characterized by flat lands at about 36.6 m (or 120 ft) a.m.s.l. in the upstream areas with somewhat steeper topography (25.9 to 30.5 m or 85 to 100 ft a.m.s.l.) on the downstream section near Lake Marion (USDA, 2007) . Interstate 95 (I-95) and SC Highway 15 (SC 15) run north-south through the Town of Santee (located within the watershed). Similarly, Highways SC 301 and SC 6 run east-west in the southern boundary and through the Town of Santee, respectively. The watershed incorporates complex land use patterns with residential, commercial, and industrial areas interspersed among agricultural and forested lands. Most of the forested lands are located within Santee State Park on the left bank of the CBC. There are two golf courses and a wastewater treatment plant located along the eastern boundary of the drainage area (USDA, 2007) . The soils in the watershed are dominated by moderately to somewhat poorly-drained Goldsboro-Lynchburg series sandy clay loam on most of the agricultural areas in the west and southwest and somewhat well-drained Neeses series sandy clay loam to the west and east (SCS, 1988) . 
GIS and Watershed Characterization
The version of Geographic Information Systems (GIS) used in this study was ArcGIS 9.1. Spatial data layers (aerial photography, hydrology, hypsography, soils, topography, and digital elevation models) were collected from a number of sources (Mihalik, 2007) .
The first step for CBC watershed characterization was to enhance the existing elevation data using USGS topographic digital line graph (DLG) data, local surveys, and other sources including the US Army Corps of Engineers' (USACE) surveys in digital forms. All data sets were projected to the same coordinate system and integrated to provide a vector topographic coverage that could be interpolated to a raster digital elevation model (DEM) for use in the runoff modeling. In addition to topography, the three quadrangles of hydrology, hypsography, and soils data were each appended and dissolved in the GIS to form the datasets useful for delineating and modeling the watershed, Figure 2(a) .
The main watershed boundary was derived from a number of data sources including the retrieved South Carolina Department of Transportation boundary (SC DOT, 2004) , vector topography, and the DEM. In the GIS, both the flow direction and flow accumulation tools were used to create stream lines. The watershed boundary could then be digitized to include the area drained by these streams. A site visit, along the eastern section of the watershed, confirmed the boundary was altered by drainage ditching, which modified the stream routing derived from the DEM. Once the watershed boundary was determined, all layers were clipped to this boundary.
Subwatersheds were delineated similarly to the main watershed boundary. Based on the flow direction/flow accumulation tools, the main watershed boundary was cut into subwatersheds using the cut polygon feature (Spatial Editor). A site visit verified drainage of streams along the eastern boundary. Pourpoints (or outlets) were added at stream nodes and each subwatershed was given a number corresponding to the proper drainage outlet. To obtain accurate runoff results, it was necessary to develop a detailed land use map based on high-resolution, NAIP aerial photography (2005 imagery with 1-meter resolution), to identify areas associated with various land use characteristics within the watershed. Impervious transportation surfaces including roads, parking lots, driveways, and paved trails were mapped along with buildings, water bodies, golf courses/fairways, forested areas, agricultural fields, open water and swimming pools, sand traps, beaches, and bare ground (including construction sites). Digitizing was completed at the 1:5000 scale, or less to create a final land use map in the GIS utilizing union, integrate, dissolve, and update tools. Once the detailed land use map was completed, it was intersected with both the subwatershed and soils layers to create a single data layer for use in runoff modeling. This layer had subwatershed, soil, and land use information coded for every polygon in the map.
Figure 2(b) shows the SSURGO soils data layer which characterizes the CBC watershed. There are 31 different soil types within the watershed. More information on these soils can be found online at: http://www.ncgc.nrcs.usda.gov/products/datasets/ssurgo/.
Hydrologic Measurements
Rainfall data collected from three automatic and corresponding manual rain gauges at the study site were analyzed in Microsoft Excel for daily, hourly, and monthly time periods (Mihalik, 2007) ; however, only rain data from the Town Hall gauging station was used for modeling. One (2006) observed storm was identified to test the Rational and SCS-CN methods on the entire CBC watershed, and four observed storms (2007) were identified to test the models on the SL-7 drainage area only. Daily rainfall data (assessed using Pivot Tables) were used to identify the days with the greatest amount of rainfall and the greatest hourly intensity for each storm (Mihalik, 2007) .
Streamflow data was collected at the SL-7 gauging station and calculated for four observed (2007) 
Runoff Models
Runoff models including the Rational Method and the SCS-CN method were applied to the entire CBC watershed for one observed storm -August 21, 2006. These results can be used to determine potential "hotspots" within the watershed where the most runoff will be 7 generated during a storm. These areas may also contribute the most to sedimentation and nutrient loadings within the Chapel Branch Creek. Table 1 shows the literature derived C-values (Fetter, 1994; McCuen, 1998; Purdue, 2007; NJ DOT, 2001; CT DOT, 2003) , from low to high, used in the Rational Method. Fields were added into the attribute table for each C category. Based on land use type, appropriate Cvalues were inserted into each field to allow for low, average, and high runoff estimates. A field was added to the attribute table for area (A) and was calculated in acres by multiplying [Shape area (in m 2 )] by [0.0002471] for unit conversion. A field was added for each observed storm intensity (I), which was input in inches per hour. Three fields were added to the attribute table for low, average, and high peak runoff rate (Q p ) for each of the observed storms to be modeled. Peak runoff rate was calculated for each column based on the Rational Method formula. For the observed storm, low, average, and high Q p maps were created for the entire watershed. 
Testing Runoff Models: SL-7 Drainage Area
The Rational Method was applied to the SL-7 drainage area using four (2007) observed rain storms in order to predict peak runoff rate (cfs) at this outlet and to compare these results with observed streamflow data. Peak runoff rate (Q p ) at the SL-7 outlet was estimated using two different procedures. The first procedure was to calculate Q p for each sub-unit, and aggregate the values to obtain a total Q p for SL-7. Peak runoff rate was also calculated for the SL-7 drainage area (583.2 hectares, 1441.1 acres), as a whole. Two weighted C-values were calculated, based on parcel area, using the C-average and C-low values. Weighted C-low values were chosen (Table 2) in addition to the weighted average C-values because the Rational Method is known to over-predict; the pre-developed C-factor is conservatively high for peak flow calculations (Hamilton County Soil and Water Conservation District, 2005) . According to Wiles and Levine (2002) , lower C-values are recommended for storm sizes of less than 25-year return period. Area, storm intensity, and weighted C-value were used to calculate Q p in the GIS. These estimates were then compared to observed flow data at SL-7 and error magnitude was calculated. The ArcCN Runoff tool was applied to the SL-7 drainage area for the observed storms, each of which occurred in 24 hours (in/day). In order to obtain runoff volume (Q), a weighted Q, based on parcel area, was calculated in the GIS for each of the storms. The weighted runoff volumes were summed for each sub-unit and calculated for the entire SL-7 drainage area. To convert runoff volume to peak runoff rate, the SCS Graphical Peak Discharge formula was used (USDA, 1986) . The pond factor, in this equation was set to '1' because all ponds within the watershed were assigned a CN value of '0' prior to calculation of the weighted CN. As with the Rational Method, Q p results from the Graphical Peak Discharge method were first summed by sub-unit, then aggregated to obtain an estimated SL-7 peak runoff rate. This method was also applied to the SL-7 watershed, as a whole, to obtain a Q p estimate for the SL-7 outlet. These predictions were then compared to observed SL-7 flow data (shown in the following section).
Results and Discussion
The Digital Elevation Model (DEM) (1:24,000 scale) was enhanced in the GIS using USGS and USACE digital topographic maps (Mihalik, 2007) . The techniques of using the gridded points with the new points developed from the topographic maps increased the data density on the map, allowing for better interpolation and increased vertical resolution in the final DEM (enhanced cell size from 30x30 to 10x10).
Watershed and subwatershed (25 units) boundaries were created in the GIS and are shown in Figure 4 (a). Boundaries were developed using the enhanced DEM, and flow directions were modified (ditching) as needed based on field information. These boundaries were developed to allow for calculations to be made using the Rational and SCS-CN methods.
The detailed land use map, shown in Figure 4 (b), was analyzed to determine the area of each identified land use. The map was also used to compare impervious to pervious land cover within the watershed, for subsequent rainfall-runoff assessment. Land area results show that the CBC watershed is primarily dominated by forest (Santee State Park is partially within the watershed), followed by residential grass/lawn cover, and agriculture. Additionally, the watershed is covered by approximately 9.6% impervious surface (i.e. roads, parking lots, driveways, buildings, houses, and impervious trails that could be mapped at the 1:5000 scale).
Studies have shown that watersheds with an excess of 10% impervious surface are often considered ecologically impaired showing signs of environmental stress related to stream degradation (Federal Interagency Stream Restoration Working Group, 1998; Zielinski, 2002) . With just under 10% impervious surface, CBC is at the threshold of becoming an "ecologically impaired stream." However, there is currently much construction taking place within the watershed. Many of the bare ground areas identified in the land use analysis are under construction. If only half of the bare ground area is converted to impervious surface, the CBC watershed will exceed the 10% threshold suggesting a higher risk for human-induced water quality degradation.
Figure 4(c) shows the drainage and hydrography of the CBC watershed prior to field verification. The northeastern-most point of the CBC hydrography layer is the outlet into Lake Marion. The red line in Figure 4 (c) represents the drainage ditching connecting the eastern streams to the main network. All streams above the red line and those outside the watershed boundary were removed. After field verification some higher order streams were found to be non-existent and were removed. Figure 4(d) shows the hydrography layer after field verification.
The Rational Method and the SCS-CN method were used to predict runoff based on greatest hourly rainfall intensity (for the entire watershed) and 24-hour rainfall intensity (SL-7 drainage area) for one (2006) and four (2007) observed storms ( Table 3 ). The August, 2006 storm was run on the entire CBC watershed using both models to identify hotspots within the watershed. Model prediction capability could not be assessed using this storm as streamflow data was not recorded during this time. Hydrography layer prior to field-verification; D. Hydrography layer after field-verification. 
Rational Method -August 21, 2006
The August 21, 2006 low peak discharge map (low C-values) based on the Rational Method (in cfs/acre) is shown in Figure 5 . The greatest peak runoff rate (orange) clearly follows the impervious surfaces including Interstate I-95, highway SC-6, and the more developed, central area of the watershed, which includes the Town of Santee. The green areas throughout the watershed represent low runoff areas with high infiltration rates. For average and high peak discharge maps (using average and high C-values), see Mihalik, 2007 . 
SCS-CN Method -August 21, 2006
The ArcCN Runoff Tool automatically assigned curve numbers (CN) (Figure 6 ) to each land parcel based on the land use and hydrologic soils information within each parcel. High curve numbers correspond to the urbanized central portion of the watershed (red and orange), which has the potential to generate the greatest amount of runoff in a storm event. The lowest curve numbers (green) correspond to the forested area in the northern portion of the watershed, which generates little runoff. Figure 6 also displays assigned CN values based on land use and hydrologic soil group. As the soil group moves from A to D, CN values get larger (greater runoff), which corresponds to poorly drained soils. Figure 7 illustrates peak runoff rates (cfs/acre) for the August 21, 2006 storm using the SCS-CN method. High curve numbers (red), corresponding to high runoff/low infiltration areas, outline transportation routes and the developed portion of the watershed (centrally located). Much of the southern portion of the watershed is characterized by agriculture. Curve numbers in this area appear to be in the middle to high-end of the CN spectrum, likely resulting from more poorly draining soils than those characterizing the northern (green) portion of the 20-Jun 07 1.69 1.38 0.02 1.8
watershed (Santee State Park). This runoff map is slightly different from the Rational Method peak runoff maps, as the SCS-CN method accounts for both land use and hydrologic soil group. Figure 6 . Illustration of CBC curve numbers assigned to land parcels by ArcCN Runoff Tool. Case Study: SL-7 Drainage Area Figure 8 displays the ~583 hectare (1441 acre) SL-7 drainage area (within the CBC watershed) and the area (acres) associated with each land use category. Over 60% of the area is characterized by forest and agriculture. Less than 6% of the drainage area is characterized by impervious surface indicating that this part of the stream may have less potential to be "ecologically impaired" compared to the whole watershed with nearly 10% impervious surface. 
Rational Method
Peak runoff rate estimates were obtained from the Rational Method using both the weighted average and weighted low C-values (Table 4) , as the Rational Method is known to over-predict. The weighted low-C values proved to better predict peak runoff rate, reducing Q p estimates by over 50 percent below the weighted average C-value estimates. In addition, Q p estimates were about 7 times lower when aggregated by sub-unit than when calculated for the total SL-7 drainage area. Table 5 shows the percent error between estimated and observed Q p rates using the weighted low C-values and sub-unit aggregation technique. Table 4 . Rational Method peak flow estimates (SL-7 outlet) for observed 2007 storms using a weighted C-low, by sub-unit.
Sub
This table shows that even when using the low C-values, the Rational Method still over-predicts. This method performs reasonably well however, considering that it is a simple, lumped parameter model and does not take into account a number of natural processes including antecedent moisture conditions and channel routing. Additionally, the high percent error associated with the June 20 th storm is likely due to the spatial variability resulting from the use of one rain gauge (Town Hall) to characterize rainfall for the entire SL-7 subwatershed. When rain data was evaluated, much variability was observed between the three gauges for the 6/15/07 -6/22/07 time period (Mihalik, 2007) .
SCS Graphical Peak Discharge Method
The difference between predicted runoff volume, using the SCS Graphical Peak Discharge method, and observed runoff volume was assessed. The March 1, 2007 storm was under-predicted by the model while the last three storms were over-predicted. While some explanation may be due to soil moisture conditions, pond effects (pond directly upstream of SL-7) play a role in water storage and likely affected observed runoff, as well as the spatial variability of rain data (likely the result of the large over-prediction for the June 20 th storm). Peak runoff rates for the observed storms, were estimated using both a mean-average Q and a weighted Q (weighted by sub-unit). Peak runoff rate results for the observed storms using the weighted Q (Q w ) prove to better estimate observed peak runoff rates than the use of a meanaverage (Q ma ). Table 5 shows the percent error between observed and estimated Q p values using the Q w Graphical Peak Discharge method. Estimated Q p values in this table were obtained by aggregating Q p by sub-unit, as this method resulted in more accurate runoff rates. While Q ma consistently over-predicted peak runoff rate, the Q w technique occasionally underpredicted peak runoff rate. Figure 3 provides some insight into antecedent moisture conditions (not accounted for in Graphical Peak Discharge method) that would have affected observed runoff. While there is no recorded flow data prior to March 1, 2007, Figure 3 illustrates a higher water stage level in March (typical in the spring) suggesting more saturated soil conditions, perhaps leading to greater observed peak runoff and lower estimated peak runoff. Conversely, prior to the April 15 th storm, the stage level dropped perhaps resulting in lower observed peak runoff and higher estimated peak runoff. The stage level before the June 20 th storm was fairly low as well, and may explain an over-estimation of peak runoff rate. Over-estimation is also likely due to spatial variability of rain data. Table 5 shows the best estimating technique for the Rational Method (weighted C-low) and the Graphical Peak Discharge method (Q w ) compared to the observed results. While the Rational Method better predicted the April 15, 2007 storm, overall the Graphical Peak Discharge method better predicted peak runoff rate. 
Summary, Conclusions, and Recommendations
This study, on the Chapel Branch Creek (CBC) watershed, located near the Town of Santee in Orangeburg County, South Carolina, evaluated two commonly used rainfall-runoff models (the Rational and SCS-CN methods) for predicting watershed runoff dynamics. This study is unique in that it makes use of a highly detailed land use map (derived from 2005 NAIP aerial imagery) and tests the above mentioned models within an understudied region, the lowgradient South Carolina Coastal Plain. Model predictive capability for peak runoff rate and storm volume (SCS-CN method only) was examined by comparing estimated results with flow data measured for four storm events (March -June 2007) at one location (SL-7) within the watershed. In this study, model parameters including the land use coefficient (C-value) in the Rational Method, the curve number (CN) in the SCS-CN method, and the runoff volume variable (Q) in the SCS-CN Graphical Peak Discharge method were weighted to properly adjust values based on land parcel area. Results of runoff simulations demonstrated herein, using the methods mentioned above, may provide initial insights into potential hotspots and ecologically sensitive areas within the CBC watershed. Finally, this study provided an initial background for identification of the runoff source areas and many of the parameters (in particular GIS spatial data) necessary for characterizing the watershed, which will be used to ultimately develop a TMDL (for N and P) to restore water quality within the Chapel Branch Creek.
The detailed land use analysis of this study showed that the CBC watershed is just under 10% impervious surface (approximately 9.4%). However, if the bare-ground areas within the watershed (most are currently under construction) are converted to impervious surface, the watershed will likely exceed the 10% threshold in the near future. The detailed land use data and subsequent runoff modeling results from this study allow for selecting or pinpointing runoff prone areas (even at a smaller scale than the subwatershed) for prioritizing BMPs and identifying the areas at greatest risk for human induced water quality degradation.
Results of this study have shown that a weighted low C-value yields better estimates of peak runoff rate (Q p ) than the use of a weighted average C-value. It was also found that more accurate results are obtained when aggregating Q p by sub-unit rather than the calculation of Q p for the entire SL-7 drainage area. It was also demonstrated that the use of a mean-average runoff volume (Q) calculated for each sub-unit with subsequent calculation of peak flow rate does not yield as accurate results as when a weighted Q (calculated for each sub-unit) is combined with a weighted CN (for each sub-unit). Additionally, estimated Q p rates are more accurate when aggregated by sub-unit than when calculated for the whole drainage area (SL-7).
Overall, it was found that the SCS Graphical Peak Discharge method (using Q w ) better estimated peak runoff rate than the weighted low C-value using the Rational Method. This is not surprising, considering that the CN method is slightly more complex than the Rational Method by taking into account additional parameters such as initial abstraction (I a ) and time of concentration (T c ). This method would likely predict better for the SL-7 drainage area if an accurate pond estimate were incorporated, as well as the effect of antecedent moisture condition.
